Changes in land use within a catchment are among the causes of non-stationarity in the flood 12 regime, as they modify the upper soil physical structure and its runoff production capacity. This 13 paper analyzes the relation between the variation of the upper soil hydraulic properties due to 14 changes in land use and its effect on the magnitude of peak flows: 1) incorporating fractal scaling 15
Introduction 29
Historically, changes in land use have taken place due to human activities as agriculture, forestry, 30 settlements, and roadway construction (Bronstert, 2003) . These activities interact to create 31 combined effects on the flow regimes, altering significantly flood frequency distribution 32 (Whitfield, 2012) . Hence, the evaluation of changes in land use and their effect on the 33 hydrological response at catchment scale is one of the fundamental challenges in Hydrology 34 (Elfert & Bormann, 2010) . Studies on this topic have demonstrated changes in the hydrologic 35 regime because of land cover changes, although this effect is difficult to quantify (Alaoui et al., 36 2014), especially in the long term and at catchment scale for flood regime, because their 37 intensity is a function of the size of the change (in relation to total area), slope, type of soil and 38 characteristics of the precipitations (Quilbé et al., 2008) . 39
Transitions from grasslands to forests and crops could represent a potential to reduce flood risk, 40
given their contribution to diminish maximum flows, especially at small catchments as reported 41
by Marshall et al, (2014) . And vice versa, the transition from forest to grassland increases the 42 rate and total runoff during storms (Mao & Cherkauer, 2009) . 43 Likewise, land use changes and climatic variability induce short-term changes in peak flows (Jung 44 et al., 2011) . Additionally, it has been accepted that increased runoff is associated to increased 45 imperviousness in the catchments, which contributes to increased flood peaks, due to the 46 decrease of surface infiltration and deep percolation (Wijesekara et al., 2012 ). Mao and 47 To describe land use changes, maps of soil types and land use were integrated resulting data of 136 sand, silt, clay and organic matter contents, as well as root depth for each land use, which were 137 used to generate maps of the hydraulic properties of soil, employing the pedotransfer function 138 presented by Saxton and Rawls (2006) . The variations of the interception capacity and 139 evapotranspiration were incorporated depending on the types of land use considered in this 140 study (Table 1) . 141
According to the study conducted by the Colombian Geographic Institute (IGAC), soils in the 142 upper basin are deep clay-loams of volcanic origin, well drained, with medium to coarse 143 textures, slopes greater than 50%, and high content of organic matter (MDA, MGC and MKG 144 units). Bedrock outcrops (MAA units) are observed in the highest elevation of the catchment, 145 corresponding to the volcanic cone. Soils in the middle basin are clay-sands from the MGB unit, 146 with low depth and high content of organic matter. Soils in the MKB unit are clay-loams and 147 clay-sands with slopes greater than 50%, rich in organic matter and well drained. The soils in 148 MQO unit coincide with the main stem of the basin, have slopes between 3% and 7%, are prone 149 to flooding and are basically alluvial sediment soils, with medium to coarse textures and low 150 content of organic matter. The MQC units are located in slope areas between 50% and 70%, are 151 deep, with medium to moderately fine textures and are rich in organic matter. Soils in the MQD 152 unit in the low basin are clay-loams and clay-gravels with slopes between 20% and 50%, low 153 depths and highly drained. Finally, NP unit corresponds to the glacial zone (Fig.3) . 154 155 
Hydrologic modeling 158
The hydrological model used in this paper was TETIS. It is a conceptual distributed hydrological 159 model, with physically sound parameters, able to perform continuous and event based 160 simulations of the water cycle and which has been applied successfully in catchment areas 161 ranging from less than 1 Km 2 to 60,000 Km , with grid cell resolutions from 30x30 m to 500x500 162 m and in a wide range of climates. Some examples of its successful application can be found in 163 According to Francés et al. (2007) , in TETIS each cell of the spatial grid simulates the water cycle 166 through five linked compartments. Each compartment represents different hydrological 167 processes described by linear reservoirs (Fig. 4) . TETIS includes modules for snowmelt, canopy 168 interception, soil capillary storage and interflow, evapotranspiration, aquifer storage and base 169 flow (connected aquifer flow). Each cell receives the flow from the upstream cell above and 170 drains to the downstream cell, following the digital elevation model flow directions. 171
Compartment or tank T0 represents the snowpack and T1 is the static storage, which represents 172 upper soil humidity below field capacity, canopy interception and storage in surface depressions 173 (puddles), the tank T2 represents water over the surface that can flow as overland runoff or 174 infiltrate, T3 is the storage in the upper part of the soil above field capacity and T4 is the water 175 storage in the aquifer. For the configuration used in this paper (the simplest), the only output 176 from T1 corresponds to evapotranspiration and overland flow, interflow and base flow drain 177 directly in the river channel network, represented by the compartment T5. Finally TETIS 178 describes the flow routing in the stream network using the Geomorphologic Kinematic Wave 179 methodology (Francés et al., 2007) . 180 were determined by using sites sampled in each map unit (Fig. 3) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 236
Model implementation 237
Effective parameters in TETIS hydrological model have a split-parameter structure (Francés et 238 al., 2007) . In this approach, parameter maps were estimated from cartographic information 239 the variables which actually are calibrated in TETIS. According to the split-parameter structure, 242 parameter maps influenced by land cover can be updated to show land cover changes, but the 243 calibrated correction factor for each parameter map is preserved. In other words, the calibrated 244 correction factors can extend the calibration to periods with different land uses and climate. 245
To calibrate the correction factors, TETIS program can performs its automatic optimization 246 through the SCE-UA method (Duan et al., 1994) , in this paper was used the well-known Nash-247
Sutcliffe efficiency index (NSE) as the objective function. In this case study, the calibration was 248 
Land use simulation scenarios 254
The analysis of the effect of land use changes on the flood regime of the Combeima River 255 catchment was based on the modeling of hydrological processes through the variation of model 256 parameters associated to evapotranspiration and runoff production. 257
In addition to the reported historical land use changes, watershed planning was simulated by 258 considering the plan defined by the local environmental authority; this scenario was 259 denominated Esc1. Also, three homogeneous scenarios were included with catchment coverage 260 totally of forest, crops and grassland, in order to describe the extreme effect of each land cover 261 on the flood regime. Table 2 summarizes the land use scenarios used in this paper. All land use 262 scenarios were simulated applying the historical meteorological information for the period from 263 The GEV was selected as the probability function for flood quantile estimation in the Combeima 290
River catchment, because it has been widely used for the analysis of extreme values, it is a 291 generalization of the Extreme Value family (i.e., Gumbel, Weibull and LogGumbel distributions) 292
and, more important in this paper, it has been proven to be adequate for modeling flood scaling 293 (Villarini, 2010) . The expression of its cumulative distribution function is: 294 (Fig.8b) and 0.5115 and 324
1.032 respectively for the year 1984 (Fig.8c) . These modeling results are not extraordinary, but it 325 must be underlined that the objective in this research is the scaling with land use changes, with no 326 particular emphasis on the model performance. Also, it must be taken into account the poor 327 information concerning the precipitation in the upper part of the catchment, as described in section 328 2.1. However, although the regime is different in calibration and validation periods (dryer for 329 calibration), there is not a deterioration in the model efficiency from calibration to validation. Also, 330
existing literature considers acceptable a Nash-Sutcliffe efficiency index greater than 0. 
344
After calibrating and validating the model, simulations of land use changes scenarios were 345 conducted, as described in Section 2.2.3. From the results of these simulations (annual maxima for 346 all land use scenarios can be seen in Fig. 9) , it was identified that forests and crops land uses 347 generate lower peak flows than grassland, coinciding with reports by Elfert & Bormann (2010) , 348 mainly due to the associated modal values of the upper soil hydraulic parameters Hu and Ks (see 349 the box-plots in Fig. 5c and 5d ). Grassland areas increased 37.5% while forests and crops decreased 350 
359
In scenarios simulating an homogeneous land cover in the catchment (Fig. 10) Table 2 . 381
The homogeneous forest, crops and grassland scenarios result left to right points in Fig. 11,  382 respectively. From this figure, it 
389
The slope of each fitted line in Fig. 11 is the estimated value of the scale exponent of each r order. 390 Ks as a function of moment orders r. From this figure, it can be said that there is WSSS independently 426 of the organization pattern, but WSSS will not be possible including all of them. In fact, in Fig. 14,  427 three groups of scaling slopes can be differentiated: 1) those following the organization patterns 428
Slope and IndTopo with a high influence of topography, which have similar slopes for all CVs (from 429 0.1 to 0.5); 2) patterns based on spherical anisotropy (A0, A45 and A135), which have a lower slope 430 than the previous group; and 3) the Random spatial distribution for CV0.1 has a similar slope to all This occurs for scenarios with CV values of 0.1 (Figs. 14a and d) . On the contrary, it can be observed 441 that when the spatial heterogeneity of the Hu and Ks parameters is high (Figs. 14b, c, d and f) , the 442 slopes of the scaling exponent are lower, which indicates the scaling is weaker (Burlando & Rosso, 443 1996). Therefore, it may be stated that the spatial organization of the parameters does not affect 444 the existence of scaling, but it will be different and the spatial heterogeneity of the soil hydraulic 445
properties determines the strength of the WSSS. 446 
480
It is clear that in some cases the regressions are relatively strong (maximum R2 equal to 0.45) and in The convergence criterion for each of these equations is given respectively by: 529 
